This paper presents the SIG-Blocks system developed for automated cognitive assessment via tangible geometric games (TAG-Games). Computerized game administration and real-time cognitive and behavior assessments were realized by wireless self-synchronization in communication, decentralized hybrid-sensing, assembly and motion detection, and graphical visualization. The measurable performance data included time and accuracy at each manipulation step, overall speed of manipulative motions, and the total number of rotational motions. For preliminary evaluation, three types of TAG-Games were designed: TAG-Game A for assembly, TAG-Game S for shape matching, and TAG-Game M for memory.
Introduction
Skilled cognitive performance is a highly complex process that involves perception, memory, reasoning, problem solving, and executive functions (Sparrow & Davis, 2000) . Cognitive skills work in concert to produce general intellectual and learning capabilities (Kulp, 1999; Short & Weissberg-Benchell, 1989; Schweikardt & Gross, 2006) . The ability to measure these components efficiently is essential for better understanding of the cognitive impairments associated with many disorders, including brain injuries, intellectual disabilities, dementia, psychiatric/mental disabilities, and other neurological and age-related conditions (Christensen, Griffiths, MacKinnon, & Jacomb, 1997; Petersen et al., 1997; Tatemichi et al., 1994) . Cognitive assessment has evolved into a widely diversified subject. The Wechsler tests are among the earliest and most widely accepted instruments of cognitive assessments (Silverman et al., 2010; Strauss, Sherman, & Spreen, 2006) . The Raven's Progressive Matrices (RPM) is another widely used test, which is often accepted when verbal constraints are in place or the clinician chooses to test non-verbal intelligence (Raven & Court, 1998) . RPM relies on a series of perceptual and analytical reasoning problems presented in a matrix format (Bors & Stokes, 1998) . Sometimes, cognitive assessments use physical objects in order to track motor responses as well as cognitive processing (Lezak, 2004) . Geometric blocks are employed in many such assessments because they are a benchmark for observing manipulation patterns and developmental transformations. As such, they are often employed as an evaluation tool for understanding how children develop spatial cognition and fine motor skills (Pehoski, Henderson, & Tickle-Degnen, 1997; Schoemaker, Neimeijer, Reynders, & Smits-Engelsman, 2003) . For example, the Block Design subtest in the Wechsler tests employs a set of cubes to examine how quickly and accurately the examinee assembles the cubes to match the item configuration. Achievement of certain developmental milestones can be captured by performance on manipulative tasks, such as piling and assembling blocks and inserting objects in holes (Lockman, 2000; Polatajko & Cantin, 2005) . Object manipulation tasks using geometric blocks can also be used for cognitive rehabilitation of patients with cognitive and/or finemotor skill deficiencies caused by traumatic brain injury (TBI), stroke, cerebral palsy, Huntington's disease, and dementia (Fork et al., 2005; Lund & Nielsen, 2011; Millis et al., 2001; Willingham, Koroshetz, & Peterson, 1996; Wright, Rosenbaum, Goldsmith, Law, & Fehlings, 2008) . Using geometric blocks in cognitive assessment, or using any other physical objects, requires the administrator to closely observe the examinee's performance while administering the test and recording measurable data (e.g. accuracy and speed for each test item). Compared to a paper-pencil test, this process can be more labor-intensive and error-prone.
This paper presents SIG-Blocks (Sensor-Integrated Geometric Blocks), developed for tangible, computerized assessments of cognitive skills using physical blocks (Fig. 1) . The computer-based games using SIG-Blocks are called TAG-Games (Tangible Geometric Games). Each SIG-Block detects the overall manipulative motions applied by the player and the assemblies made with neighboring blocks. The system, involving a set of SIG-Blocks and a host computer, features independent wireless communication between each SIG-Block and the computer using radio frequency, and block-to-block communication using infrared (IR) signals. For reliable and efficient block-to-computer (global) and block-to-block (local) communications, distributed wireless sensor network (DWSN) algorithms, including self-synchronization and hybridsensing techniques, were implemented. Further, computational measures of play complexity were incorporated in TAG-Games to quantify the difficulty associated with game items. This feature, once fully validated, can be used to personalize the test items to address individual/group differences. SIG-Blocks and TAG-Games were designed for automated, real-time, and remote assessment of cognitive skills, as well as hand-eye coordination skills. These were aimed at addressing the following limitations that are common in traditional assessment methods: 1) high cost due to clinician/ administrator time, 2) limited amounts and types of measurable data by a human administrator, 3) subjectivity and human measurement errors, 4) limited accessibility to professional services for people living in hard-to-reach areas, and 5) difficulty in addressing individual differences in cognitive skills, age, and developmental status, because of lack of flexibility in test items.
As a first step in evaluating the clinical utility of this technology and establishing the reliability and validity of the outcome measures, we designed three types of TAG-Games, each aimed at measuring specific domains of cognitive skills via tangible object manipulation: TAG-Game A for assembling multiple blocks to match the given assembly configuration, TAG-Game S for identifying a missing block in assembly configurations, and TAG-Game M for memorizing a sequence of block images. For each TAG-Game, we defined a computational measure of play complexity, C, to quantify difficulty associated with each game, based on geometric complexity and the number of blocks. This measure, once fully evaluated, can be used for personalizing the test items tailored for each individual. Our evaluation study focused on testing the following two hypotheses: H1. Performances in TAG-Games are correlated to the scores from standardized cognitive assessment tests, and H2. Computational measures of play complexity defined for TAG-Games properly reflect the difficulty of the test items. To evaluate our hypotheses, we used the Wechsler Adult Intelligent Scale e 4th Edition (WAIS-IV), which is the most widely used instrument for cognitive assessment. In particular, we selected three subtests in WAIS-IV: Block Design (BD), Matrix Reasoning (MR), and Digit Span (DS). Each of these subtests is considered to be closely related to a TAG-Game by test design and target measures.
Related work
Several technology-embedded block systems have been developed for a broad range of education, entertainment, and research purposes. Table 1 lists these systems and compares them with SIGBlocks, in terms of communication capabilities, embedded sensors, measurable data, and data display methods. One such system, AlgoBlock was developed for children to learn programming via tangible manipulation of the blocks (Suzuki & Kato, 1995) . The AlgoBlocks facilitate interactive learning of computer programming by allowing users to write their own problems. This is accomplished by giving each AlgoBlock its own special semantics. Tangible Programming Bricks with a built-in microprocessor were developed for children to learn programming language via tangible manipulation of bricks (McNerney, 1999) . Electronic Blocks, a similar system that allows the user to build simple computer programs by stacking blocks with embedded electronic circuits, was also designed for young children (Wyeth & Wyeth, 2001) . Cognitive Cubes is another system developed for cognitive and constructional assessment (Sharlin, Itoh, Watson, Kitamura, Sutphen, & Liu, 2002) . These cubic blocks are equipped with male-female connectors for forming a 3-D assembly and network topology with a base cube that is wired to the host computer. The roBlock system, which teaches advanced engineering concepts such as kinematics, feedback, and distributed control, also employs blocks to teach the user (Schweikardt & Gross, 2006) . The working principle of roBlocks is similar to that of Electronic Blocks. Cubelets is a modular robotic kit consisting of sensor, logic, and actuator blocks (www.modrobotics. com). By assembling different types of Cubelets, a user can build a robot with the desired communication and sensing capabilities. Fig. 1 . Overview of SIG-Blocks and TAG-Games. A player is given a set of SIG-Blocks and plays computerized TAG-Games while the game items are displayed on a computer screen. The administrator administers the tet and monitors the player's performance in real time. The administrator may administer the games from a remote location.
Learning Cube is a digitally augmented block system, enriched with LED displays and an internal speaker (Terrenghi, Kranz, Holleis, & Schmidt, 2006) . It is capable of gesture recognition by using an accelerometer in creating an interactive learning interface. Sifteo is another sensor-embedded block system with a small liquid-crystal display (LCD) screen on its top face (Merrill, Sun, & Kalanithi, 2012) . The Sifteo blocks can sense and communicate with each other and detect tilt and shake motions. Lastly, the Multi-Agent System supports educational games for children with autism (Alers & Barakova, 2009) . It displays its active state through color and light intensity by detecting the status of neighboring blocks with infrared (IR) communication.
In considering the effectiveness of each block system for automated, real-time assessment of cognitive skills, three criteria are considered: sensibility, scalability, and communicability. The blocks must be equipped with sensors that can detect the physical motions applied to each of them and the assembly configurations among multiple blocks. The number of blocks used in the test/game must be scalable to support 2-dimensional (2D) and 3-dimensional (3D) assemblies with varying difficulty. Bi-directional communication between the blocks and a host computer and among the blocks will support real-time sensor data acquisition, as well as assembly detection among the assembled blocks. The SIG-Blocks system has some unique features that satisfy all of these criteria. Only Cognitive Cubes and Sifteo support both block-to-computer and block-to-block communications, but neither of them supports block-to-computer wireless communication. The SIG-Blocks system was operated in a fully decentralized manner without any hierarchical or master-slave structure, such as that used in Cognitive Cubes, and is therefore fault-tolerant. In addition, most existing systems were designed for tangible gaming or educational purposes, but they lack the necessary recording functions, which are essential for assessment function. SIG-Blocks with TAG-Games were specifically designed to provide feedback on the player's performance and behavior via real-time, wireless, and bidirectional communications. Only Learning Cube demonstrates block-tocomputer wireless communication capability based on radio frequency (RF) (Terrenghi et al., 2006) .
Among the existing systems, Sifteo has the most features comparable to those of SIG-Blocks in terms of sensing and communication capabilities. Sifteo adopts a gateway called Sifteo-base, a special block which is connected to a host computer using a USB cable for downloading new games. In addition, this base is responsible for wireless communication with the rest of the Sifteo blocks. The SIG-Blocks system differs from Sifteo in the following ways: 1) the low-cost infrared (IR) communication method for block-to-block communication, 2) direct wireless communication between each block and a host computer without requiring a gateway, 3) continuous sensor-data collection from each block, and 4) applicability for both 2D and 3D construction tasks. First, while Sifteo adopts four IrDA transceivers, SIG-Block uses six pairs of IR LEDs and a photo transistor. Second, bi-directional wireless communication exists between each SIG-Block and a host computer. The computer can wirelessly control the mode of the blocks for different games and each block sends the collected sensor data, including orientation and assembly information, to the computer. Third, continuous data can be collected for assessment. Lastly, the cube design of SIG-Blocks enables 3D construction games. However, Sifteo may still be more suitable for games under some circumstances. Although the LCD display on Sifteo limits its workspace to 2D, it renders Sifteo more suitable for entertainment and educational applications than the plane images used in SIGBlocks. As the current version of the SIG-blocks was designed for cognitive assessment, clear geometric patterns were selected.
SIG-Blocks
SIG-Blocks are interactive creation blocks designed to be used as a tangible and computerized interface for various games (i.e. TAGGames) that involve tangible manipulations of the blocks. This section describes the design considerations, technical specifications, and wireless communication strategies embedded in the blocks.
3.1. Design considerations 3.1.1. Sensibility
One of the main considerations is the measurable data. When geometric blocks are used in an educational or clinical test, the administrator records the time and accuracy of the tasks completed by the player. Therefore, the quantity and quality of the measurable data are limited by the human capability. To automate the measurement process, while potentially improving the quantity and quality of the data, the blocks must be capable of sensing the player's action applied to them as well as synthesizing the actions. To do so, the block must be capable of sensing the orientation and the accelerations applied while being manipulated by hands, and of detecting neighboring blocks when assembled. Various sensors can realize these functions. For example, accelerometers, gyroscopic sensors, liquid tilt sensors, and/or magnetometers can provide the block's orientation state. In addition, simple optical sensors or mechanical contact sensors may be sufficient for face-to-face interaction among the blocks. 3.1.2. Scalability SIG-Blocks are intended to be used for creating universal 2-D and 3-D shapes, and therefore should be scalable to form a large structurally stable configuration when assembled. Among the various 3-D shapes, such as cubes, cylinders, spheres, cones, and tetrahedrons, cubic structures enable efficient and stable stacking and provide an adequate number of degrees of freedom without any additional docking support. With respect to perception, recognizing the rotations of a cube is intuitive, because the axes of the coordinate system that represents the cube are orthogonal to the faces, and therefore, the orientation of the cube is easily understood when the top and bottom faces are parallel to the tabletop. With this universal design, a number of tasks would be available by reprogramming the functions to interact with new task environments. Identical cubes would be more desirable because of their common geometric properties and shared communication protocols and electronics. Homogeneity in block design also allows for replacement of any broken block by a new one.
Communicability
The blocks should perform data measurement on board, wirelessly communicate with other blocks to detect assembly, and transfer data with the remote data storage, i.e. the host computer. When multiple blocks are used in a wireless sensor network (WSN), the communication subsystem is the main infrastructure on which the WSN is constructed, and hence the communication protocols affect the overall sensing accuracy and reliability. To ensure a large and reliable communication subsystem, several technical issues need to be addressed. Such issues may include synchronization, data traffic, and non-deterministic lag time between the transmitter and the receiver. Without utilizing the master and slave mechanism, synchronization becomes challenging; therefore, the self-synchronization method, which continuously transmits and receives data and shifts bits by a given rule at each phase, must be implemented. This leads to a rapid massive data collection which generates significant data traffic when the host computer collects the data through a single receiver. Therefore, the data should be optimized in terms of size without loss of meaningful information and sent efficiently by an event-driven method. Also, the nondeterministic lag time during wireless data transmission should avoid data collision in fast data transfer.
Technical description

Design and specifications
SIG-Blocks feature 1) block-to-block communication using IR optical sensors, 2) bidirectional block-to-computer communication using an XBee module, and 3) light and compact packaging (Fig. 2) . Compared to the previous prototype presented in (Jeong, Kerci, & Lee, 2010) , the block's size was reduced from 2.7 inches to 2.05 inches in length along each side, and the weight from 355 g to 82 g. Each block contains a triaxial accelerometer (ADXL335), a microprocessor (ATmega328), six reflective optical sensors, and an XBee wireless module. It is powered by two 3.7 V, 350 mAh polymer lithium-ion batteries, which are rechargeable through a USB connector. It takes less than 30 min to recharge each block and the operating time is approximately 3.5 h.
Core electronic components were embedded in three stacks of printed circuit board (PCB) layers and were encased in a cubic block made of mat-board. The outer surfaces were covered by six distinctive geometric images, shown in Fig. 3 . These images were selected to represent 1-, 2-, and 4-fold rotational symmetry, where each pair had the same shape, but with reversed colors (Jeong et al., 2010) . Retaining the core module intact, cover layers can be customized for different purposes. The reflective optical sensor installed at the center of each block's surface detects the reflected IR signal. By combining the data from the optical sensors and the accelerometer, assembly configurations of the blocks can be reconstructed for real-time feedback. Also, local communication between the assembled blocks was enabled through these optical sensors with protocols proposed in Section 3.3. These optical sensors may require periodic replacement. Female sockets were used for positioning these optical sensors to facilitate replacement.
Measurable data and sensing capability
Each block can detect its relative position, orientation, and elapsed time after each assembly made by the player. When used in geometric games, such as matching an assembly configuration or identifying a missing piece in a puzzle, the blocks can also determine whether they are placed correctly or incorrectly. Six embedded optical sensors, a triaxial accelerometer, and a timer in the microprocessor were used to determine the accuracy of manipulation, the time for each manipulation step, and possibly behavioral characteristics such as impulsive or repetitive motion. Each block sends ten packets of data to a host computer wirelessly. The first packet is the ID of the block and the next six packets are binary optical sensor data corresponding to the assembly status of each block's surface. The last three packets correspond to acceleration data along x, y, and z directions and their values range between À1.0g to 1.0g.
Wireless communication strategies
The SIG-Blocks system features the following communication capabilities: IR-based inter-block (local) communication and bidirectional block-to-computer (global) communication using an XBee Fig. 2 . SIG-Blocks with improved hardware design. The programming port and charging port can be easily accessed by detaching the covers. The outer cover is made with matboard (non-toxic, light, and durable against impact). module, based on the distributed wireless sensor network (DWSN) scheme. To avoid resource conflict, deadlocking, and to establish reliable wireless communication, two strategies were adopted: 1) synchronization techniques (self-synchronization) to initiate local communication, and 2) efficient network topology (decentralized hybrid-sensing network) with even-driven data input for optimal global communication.
3.3.1. Self-synchronization in local communication SIG-Blocks utilize self-synchronization for initializing local communication between two adjacent blocks. Two communication ports, A and B, are considered fully synchronized if B listens while A talks, and A listens while B talks. However, as shown in Fig. 4 , signals transmitted by A and B may mutually conflict when they both talk or listen at the same time. The self-synchronization method uses an internal clock, transmitted pulse, and received pulse to determine the port that needs to listen while the other talks. This bit-shift strategy was performed as follows, for port A (Jeong & Lee, 2016): I A ¼ ½1; 2; 3; /; 30; 31; 32 T A ¼ ½0; 0; /; 0; 0; 1; 1; /; 1; 1 R A ¼ ½*; *; /; *; *; *; *; /; *; * I A is the 32-bits cyclic bit number index generated by the internal clock, T A is the transmitted binary data, and R A is the received signal from the other port. The pulse train from T A is generated from the IR photo diode according to the bit number of the I A . When the two ports, A and B, are within the local communication range, R A receives data from T B , as well as reflected signal from T A . Due to the pull-up resistors attached to the photo transistors, R A is set as 1 initially or when no IR signals are received, and it changes to 0 when IR input is detected. Decision for shifting, either forward or backward, for synchronization can be made stochastically; however, this process can take a long time. For every 31st bit of the 32 bits (4 bytes), the binary train moves one step forward or two steps forward depending on the received data. If P bit8 n¼bit1 R A (n) is smaller than P bit16 n¼bit9 R A (n), then the pulse train proceeds one step forward, but when it is bigger, the pulse train moves two steps forward. When the two transmitted signals are the same, a random shift is applied to each port, so that it makes partial synchronization. When the synchronization is completed, IR communication data packets are replaced in the last two bytes of T A . Fig. 4 illustrates this process.
Decentralized hybrid-sensing network (DHSN)
To avoid data traffic when multiple blocks are used in the game, the system utilizes a DHSN. While low-power local communication is always on, the data transfer between each block and the host computer is triggered only when an event occurs. During play, most of the blocks will remain stationary excepting the few that are being manipulated at the time. The event-driven data transfer is triggered by the acceleration reaching a threshold value, which is determined by the noise density level of the accelerometer. Eventdriven data transfer is more effective than periodic data transfer at preventing loss of any significant information. Also, static channel access control was utilized because dynamic control requires both linking and stabilizing time, which has the potential to cause significant time delay in wireless communication.
Algorithm implementation
In this section, the proposed wireless communication algorithms are implemented for block assembly detection, motion detection, and visualization for real-time administration and monitoring of the user's performance and behavior.
Assembly detection
When two blocks are assembled, the assembly configuration is captured by a pulse train via local inter-block communication, using IR sensors. The pulse train involves the following information: (ID1, SIDE1, TOP1, ID2, SIDE2, TOP2). ID1 and ID2 are the ID numbers of the two blocks assembled, SIDE1 and SIDE2 are the surfaces on the blocks facing each other, and TOP1 and TOP2 are the surfaces of each block that face upward. Considering the low response and signal reading time in the photo transistor and the microcontroller's input port, 1 ms per bit for the pulse train was selected. For detecting each assembly, the configuration matrix, A, was generated by labeling the block's IDs and side IDs. For the example shown in Fig. 5 , A is a 6 Â 6 matrix consisting of four 3 Â 3 matrix blocks where each matrix block contains the SIG-Block ID in the (2,2) entry and the four sides information in the (1,2), (2,1), (2,3), and (3,2) entries. Before and after assembly, the changes in A are as follows:
A :¼ (Jeong et al., 2010) Once the linear acceleration data is transferred from the SIGBlocks, the data is processed in the host computer to be translated into rotational motions applied to the blocks. To enable the use of a triaxial accelerometer in detecting angular displacements of each block, the noise caused by measurements of handoperational movements will have to be filtered. The low-cost capacitive accelerometer used in this study featured signal conditioning, a 1-pole low-pass filter, temperature compensation, and gselect which allows for selecting one of the four sensitivities: 1.5 g, 2 g, 4 g, and 6 g. The highest sensitivity of this accelerometer, 800 mV/g, occurred when 1.5 g was selected. Three output ports on the accelerometer provided analog acceleration signals along x-, y-, and z-axes. These analog signals were then transformed to digital signals through the analog-to-digital converter in the microprocessor (ATmega328). When the accelerometer is in static state, it can detect angular displacements by measuring static accelerations due to gravity, which range between Àg and þg. Using a triaxial accelerometer, tilting angles along the x-axis and y-axis can be calculated based on the acceleration data (x acc ,y acc ,z acc ) by (Wong & Wong, 2008) :
Motion detection
Detecting tilting angles of a moving accelerometer is challenging. To analyze the effect of dynamic acceleration, we conducted a simple block test by manually rotating a SIG-Block 90 and À90 about the x-axis repeatedly at different frequencies. Fig. 6a was generated by rotating the block 5 cycles per 50 s (0.1 Hz). Fig. 6bed shows the results when the block was rotated at 0.5 Hz (5 cycles per 10 s), 1.0 Hz (10 cycles per 10 s), and 2.0 Hz (20 cycles per 10 s), respectively. The results show that the overall influence of dynamic acceleration is trivial for slow motions ( 1.0 Hz), while the error increases at higher frequency domains. This is corroborated by Bernmark's finding that shows that the accelerometer is not influenced by dynamic motion less than 0.75 Hz (Bernmark & Wiktorin, 2002) . For fast motions, shown in Fig. 6d , the x acc exceeds ±1g corresponding to ±90 in the block's orientation because of dynamic acceleration influencing the data. Although every user behaves uniquely and may have different frequency responses, humans have a limited speed and range of motions for manipulating rigid objects as shown in Fig. 7 . Therefore, since the SIGBlocks are expected to be used within low frequency ranges, they can successfully retrieve their rotational information and provide reliable data on how they are manipulated by a player.
Graphical user interface (GUI)
The GUI was developed based on Microsoft Visual C# with an open graphics library (OpenGL) for graphical visualization. Tangible games for cognitive assessment using SIG-Blocks require two GUIs.
One of these GUIs serves as a game display for the player, and the other allows the administrator to administer the game and monitor the player's performance in real-time. This monitoring may be conducted remotely, if necessary. The administrator's GUI displays the test/game item, current configuration of the blocks, time and accuracy at each manipulation step, communication status of the blocks used in the game, and triaxial accelerations in real time (Fig. 8) . The player's GUI simply displays the test item and/or the current block configuration depending on the game type.
TAG-games
Three types of TAG-Games were developed for preliminary evaluation of the SIG-Blocks technology for automated cognitive assessment. The three games are TAG-Game A for block assembly, TAG-Game S for shape matching, and TAG-Game M for sequence memory. Table 2 lists the cognitive skills that are hypothesized to be associated with each game. In addition, each TAG-Game item is Fig. 7 . Frequency spectrum of the rotating motions in four different frequencies (Jeong et al., 2010) . Fig. 8 . The administrator's GUI that displays test item, measurable data, and block status in real time. The player's GUI simply displays the test item.
assigned a value, C, that is a computational representation of its play complexity.
TAG-Game
A : assembly
A is an assembly construction game in which the user recreates a displayed image using the SIG-Blocks. The displayed image is an arrangement of the geometric shapes on SIG-Block surfaces. The user must rotate and rearrange the blocks to create the displayed pattern. The difficulty and novelty of this task are reflected in the manipulation of the blocks to find the correct face images, the size of the pattern, and the discriminability of the block surface images within the pattern image. The discriminability of the patterns can be decreased, making the task more difficult, by removing the separating lines between the pattern components. This change results in increasing the picture size and making it more prominent in the patterns than the picture of individual block face images. Fig. 9 shows 20 assembly items.
TAG-games: shape-matching
As shown in Fig. 10 , TAG-Game S consists of 10 items for which an assembly pattern with a missing image is displayed and the participant is prompted to fill in the missing image by placing a SIGBlock with the missing image face up. It was designed to assess fine-motor control, visuospatial reasoning, and problem-solving skills. Each of the patterns has a calculated play complexity value and patterns are arranged in the order of increasing complexity. The system records the time taken by the player to complete each pattern and whether it is completed correctly. The game requires the participant to determine the relationship among individual images in each pattern and complete the relationship by supplying the missing piece. As in the case of TAG-Game A , fine-motor control is reflected in the coordination with the block being manipulated. Visuospatial reasoning is reflected in the participant's ability to see the relationships between block rotations and face images. Problem-solving skills are reflected in the participant's ability to find the relations within the pattern and to predict the missing image.
TAG-Game
M : memory
This test requires the player to remember a sequence of images and repeat it using a SIG-Block. The images within the sequence are flashed one after the other on the screen. The user plays the sequence back by placing the SIG-Block with the correct images facing up in the order they appeared on the screen. As shown in Fig. 11 , two different sets of images are used to make up the sequences: 1) a set of 6 different colored squares and 2) a set of images of the same black and white geometric shapes that were used in the other two games. These two sets of images were used to ascertain if the complexities of the images within the sequence affect the difficulty in remembering the sequence. This game assesses the participant's fine motor control, working memory, and attention span. Fine motor control is reflected in the speed and accuracy with which the participant can rotate the block to find the correct face image. Working memory is reflected in how well the participant remembers the sequence of images. Finally, attention Table 2 Three types of games and the cognitive skills expected to be associated with each game.
Type
Associated cognitive skills TAG-Game A Fine-motor proficiency, visual-motor integration, low-level working memory, attention span TAG-Game S Fine-motor proficiency, visual-motor integration, low-level working memory, cognitive problem solving, attention span TAG-Game M Fine-motor proficiency, visual-motor integration, high-level working memory, attention span Fig. 9 . 20 TAG-Game A items. The lines separating 4 or 9 individual shapes can be removed to potentially increase difficulty. Images as presented in this figure were used in our human-subject evaluation.
span is reflected in the participant's ability to maintain focus when the sequences become longer.
Computational complexity measures
Difficulty is a relative attribute that can vary depending on a person's developmental status, age, and health conditions. For an assessment test to produce reliable and sensitive assays, it must be neither too difficult nor too easy. For TAG-Games to be potentially useful as a dynamic assessment tool, it was necessary that a computational measure of play complexity, C, be defined. This value, associated with each TAG-Game, allows the administrator to personalize each task to the test subject. Fig. 12 shows the complexity values calculated for the items in each TAG-Game.
Complexity measure of TAG-Game
A Based on an information-theoretic approach and adopting the concept of the parts entropy (Lee, Moses, & Chirikjian, 2008 , Sanderson, 1984 , the play complexity associated with TAGGame A is defined by the change in configurational entropy:
where H initial indicates the amount of randomness/uncertainty for the set of geometric blocks used in play and H final is the remaining randomness/uncertainly after successfully accomplishing a given task (e.g. assembling the blocks to form a specific assembly configuration), measured by the discrete entropy. Therefore, the difference between H initial and H final indicates the amount of uncertainty that is reduced by the person assembling the blocks.
Complexity measure of TAG-Game S
The play complexity of TAG-Game S takes into account the variety of pattern properties that increase or decrease the complexity of the item. The factors that increase the complexity are the total number of blocks, the number of unique blocks, and the length of the embedded pattern. The factors that decrease the complexity are the number of times the pattern repeats and the number of symmetry axes contained in the pattern. The play complexity of TAGGame S is calculated as
where N is the total number of blocks, N d is the number of face images used in the pattern, L is the pattern length, R is the number of pattern repeats, and S is the number of symmetry axes.
Complexity measure of TAG-Game M
The difficulty in remembering a sequence of images depends on the complexity of the employed images, the number of images, and the number of elements repeated within the sequence. The complexity measure is defined by the configurational entropy of the entire sequence, computed by
where Q is the number of all possible arrangements for the given images and L is the sequence length. and TAG-Game S are used, the total number of possible arrangements is multiplied by the number of distinctive orientations for each image so that the complexity of the geometric pattern is taken into account.
Evaluation methods
The human-subject study focused on evaluating the two hypotheses stated in Section 1. To do so, the study design was aimed at testing 1) preliminary reliability and consistency of TAG-Games data, 2) the computational complexity measures, and 3) preliminary validity of TAG-Games measures on measuring target cognitive skills. This study was reviewed and approved by Case Western Reserve University's Institutional Review Board (IRB).
Participants
Eighty-six students (42 males) aged 18e30 years (Mean ¼ 21.6, SD ¼ 3.1) were recruited and participated in the study via convenience sampling, where the participants were selected because of their convenient accessibility and proximity to the researchers. 47 (31 males, 66%) were from the Engineering School and 39 (11 males, 28%) were from the School of Arts and Science. There was a significant relationship between gender and school where there were more males from the Engineering School (c 2 1 ¼ 12:16, p < 0.01). The proportion of males and females in our sample from the School of Engineering match with the demographics of the school (68% male population). The percentage of male participants from the School of Arts and Science (28%) was lower than the demographics of the school (43%) because several students participated in this study for course credit, and the majority of students enrolled in this course were female. Participants were recruited from the Case Western Reserve University campus, where emails and flyers were used to find volunteers. Participants were compensated with either a gift card or course credit.
All 86 participants were administered the three types of TAGGames. 48 out of 86 took two subtests of the Wechsler Adult Intelligence Scale -4th Edition (WAIS-IV) (i.e. Block Design (BD) and Matrix Reasoning (MR)) in addition to the three TAG-Games, and 25 out of 48 were administered the Digit Span (DS) subtest in addition to BD and MR of WAIS-IV and the three TAG-Games. Among 48 participants who took the three TAG-Games and BD and MR subtests of the WAIS-IV, 9 (7 males) were from the Engineering School and 39 (11 males) were from the Arts and Science. Among 25 participants who were administered all six tests, 2 (1 male) were from the Engineering and 23 (7 males) were from the Arts and Science. The demographics of the study participants is summarized in Table 3 .
Protocol
Three types of TAG-Games and three subtests of WAIS-IV (i.e., BD, MR, and DS) were administered in the order shown in Table 4 .
The three subtests of WAIS-IV were selected to assess cognitive skills similar to those tested by TAG-Games. Each participant was given a brief oral presentation at the beginning of each TAG-Game with a sample item. The three WAIS-IV subtests were administered using the standardized protocol (i.e. instruction, prompts, time limits, and discontinuation rules), outlined in the WAIS-IV manual. They were administered in the order BD/ MR/ DS, immediately following the TAG-Games. BD involves 14 items requiring the participants to manipulate a given set of blocks to match the assembly configuration presented in a booklet. It discontinues with two consecutive scores of 0. MD contains 26 items of colored matrix or visual patterns requiring the participants to guess and select the missing item in the pattern among 5 possible answers. The test discontinues after 3 consecutive scores of 0. DS consists of three parts: Digit Span Forward (DSF), Digit Span Backward (DSB), and Digit Span Sequencing (DSS); they contain 48 items in total, with 16 items in each. The sets of digits were presented verbally to the participants and they recited them in forward, backward, and Calculated complexity values for all items in each TAG-Game, i.e., C A ,C S , and C M .
Table 3
Demographics of the participants for the three TAG-Games (TAG-Game A (TA), TAGGame S (TS), and TAG-Game M (TM)) and the three subtests of WAIS-IV. The table shows the number of participants, the number of female participants, and the average age with the standard deviation (SD). increasing orders. The participants were given two trials for each length of digit sequence, and the test was discontinued when both trials scored zeros. The entire assessment took approximately 60 min.
Scoring methods
Scoring of TAG-Game A was similar to the method used in the WAIS-IV BD subtest, addressing accuracy, item complexity, and speed (i.e. time taken to complete the item). Since TAG-Games are not standardized tests, the participants' performance was analyzed to determine the score distribution in a fashion similar to that of WAIS-IV. For items 1e10, 50% of the correct answers were made within 10 s, resulting in 3 points. The other 50% of the correct answers, which took more than 10 s, yielded 2 points. For items 11e20, one third of the correct answers were made within 20 s resulting in 7 points, another one third between 20 and 24 s resulting in 5 points, and the rest took more than 24 s, yielding 3 points. For every item, incorrect assembly resulted in zero points. The total available score for TAG-Game A is 100.
Scoring for TAG-Game S also takes into consideration both accuracy and speed. For items 1e5, 50% of correct answers were recorded within 4 s, resulting in 3 points. Correct answers made after 4 s resulted in 2 points. For items 6e10, one third of correct answers were made within 8 s, resulting in 7 points, another one third between 8 and 12 s resulting in 5 points, and the rest took more than 12 s yielding 3 points. For every item, incorrect shape matching resulted in zero points. The total available score for TAGGame S is 50.
Scoring for TAG-Game M was based solely on the correctness of memory; completion time was not factored into the score. The total possible score of 56 was derived from 2 sets of blocks of 4 possible lengths (i.e. 4, 6, 8, and 10) . More specifically, the color and geometric pattern sequences yielded scores of 28 each, accounting for a total of 56 points.
Data analysis
The data analysis strategy focused on establishing the preliminary psychometric integrity of the measure. To achieve this purpose, split-half and test-retest reliability were conducted using Spearman's correlations with a ¼ 0.05. Once the reliability of the measure was established, the validity of the TAG-Games was examined by correlations with WAIS-IV. Finally, exploratory behavior analysis was carried out by estimating the number of rotational motions applied to the blocks and speed. The analysis was restricted to TAG-Game A data only, because TAG-Game S and TAG-Game M use only one SIG-Block and are therefore not ideal to observe behavioral differences. The algorithm for estimating the rotational motions was based on the threshold value and the local maxima and minima in the acceleration data. The accelerations caused by the user manipulation were different from those obtained from the impact of the block assembly.
Evaluation results
Split-half and test-retest reliability
In an effort to provide preliminary data on the psychometric property of TAG-Game, split-half and test-retest reliability tests were conducted using Spearman correlations for each of the games. Since the items varied on C, it was necessary to equate the sets on this variable before conducting the split-half reliability. Our first split was based on an odd and even strategy; unfortunately the sets differed significantly in C (i. ). Given the knowledge of the play complexity of each set, we then moved items strategically across the sets to equate them on complexity. As a result, the TAG-Game A items were divided into {1, 3, 5, 8, 9, 12, 14, 16, 17, 19} and {2, 4, 6, 7, 10, 11, 13, 15, 18, 20}, 2, 6, 7, 10} and {3, 4, 5, 8, 9} , and the TAGGame M items into {1, 5, 6, 8} and {2, 3, 4, 7} . Using Spearman's correlation coefficient, the split-half reliability coefficients were found to be r ( 
Validity of complexity measures
To evaluate the computational complexity measures, we investigated the correlation between the participants' performance and the complexity value of each item. For this, the mean time required for completing TAG-Game A was taken as the index of performance and used to examine the impact of C A on performance.
For TAG-Game S , incorrectness was computed by the normalized number of total incorrect answers for each item, and for TAGGame M it was computed by the normalized number of total images that the player could not memorize, or could memorize only incorrectly, in each sequence item. Time for completion in TAGGame A was highly correlated with C A where r(20) ¼ 0.91 (p < 0.001), indicating that the more complex the assembly task, the longer the participants took to complete the design. Correctness on TAG-Game S was also highly correlated with C S where r(10) ¼ 0.95(p<0.001). As regards TAG-Game M , eight sequence items were examined and high correlation was found between the correctness and play complexity, r(8) ¼ 0.83 (p ¼ 0.01). For all the three TAG-Games, the selected performance measures fitted well to a linear function with the corresponding R 2 close to 1.
Relationship between TAG-Games and WAIS-IV subtests
Of the 86 participants who completed the three TAG-Games, 48 completed two subtests of WAIS-IV, BD and MR, and 25 also completed the DS subtest. The number of participants in the WAIS-IV subtests was smaller than the total number of participants, because the study was initially focused on evaluating the preliminary reliability of the TAG-Games and validity of complexity measures and only later became focused on the preliminary validity evaluation of target measures. We first began with two subtests, BD and MR, and later added DS for correlational analysis. Correlations between the three TAG-Games and the three subtests of WAIS-IV are provided in 
Exploratory behavioral analysis
We performed additional analysis to explore the potential of the SIG-Blocks system for behavioral assessment. The noisy acceleration data was filtered and processed into the discrete rotational motions applied to each block. For this exploratory analysis, TAGGame A was selected because it involves multiple block manipulations while the other two games use only a single block, making them inappropriate for observing behavioral differences. The participants were divided into three groups based on their scores in TAG-Game A : the high-score, middle-score, and low-score groups.
Five individuals from each of these three groups of TAG-Game A were randomly selected. For each, the speed of manipulative behavior and the total number of rotations applied to the blocks were automatically measured by an embedded algorithm. Fig. 13 shows an interesting finding. Although there were individual differences within the group, a positive correlation was found between the TAG-Game A score and the manipulation speed (r(15) ¼ 0.81,p < 0.001) (See Fig. 13a ). On the other hand, as shown in Fig. 13b , no significant group difference was observed in the total number of rotations applied to the blocks during play (r(15) ¼ 0.22, p ¼ 0.424).
Discussion
The present investigation suggests TAG-Games has the potential to be used as a cognitive assessment tool; however, the data here should be viewed with caution. The study was a first step towards establishing the reliability and validity of this measure. Small sample size, convenience sampling, and the use of the single administration order (i.e. three TAG-Games always followed by the WAIS-IV subtests) do not allow for generalization of the results and complete evaluation of this technology-based cognitive assessment method. Extended evaluation studies addressing these limitations must follow. In addition, while the presented technology aims to be a fully autonomous and remote assessment tool, the evaluation study involved an administrator to ensure proper use of the hardware, which is a lab-made prototype, and record sensor errors. The accuracy of the automated measurement of the time and accuracy at each manipulation step by the SIG-Blocks was over 98%. It was determined that the technical errors were mostly related to the contact failure in the optical sensors. Replacement of these connectors would significantly improve measurement accuracy.
With these caveats in mind, the SIG-Blocks technology is technically advanced and produces data which could not be captured in traditional human-administered approaches. The blocks' unique communication strategies and real-time wireless assessment capabilities surpass the existing systems for the use in cognitive assessment. The SIG-Blocks system can also capture behavioral data in addition to the speed and accuracy for each test item, as described in Section 7.4. Further investigation will be required for using this technology for additional behavioral assessment. To assess behavior, objective and accurate measurement of target behavioral data is essential and the presented technology forms the technical groundwork by enabling such data collection in an objective and fully automated manner.
Conclusion and future work
A new tangible game interface technology, SIG-Blocks, and the computerized TAG-Games using the SIG-Blocks, TAG-Games, were developed and tested for their usefulness in cognitive assessment. The technology realizes wireless and real-time assessment of cognitive skills by employing a set of SIG-Blocks with embedded motion sensors. Three types of TAG-Games were developed for preliminary technical and human subject evaluations. Reliability of the TAG-Game items was assessed using split-half and test-retest reliability tests for evaluating internal consistency and stability over time. The results show high correlations in the evaluations by both of the tests. The defined measures of play complexity are also highly correlated with the participants' performance in each game, implying that the computational measures are potentially useful for generating dynamic test items meeting each player's performance and cognitive level. For preliminary assessment of the validity of TAG-Games for measuring target cognitive skills, we compared the TAG-Games data with widely accepted standardized measures (i.e. the BD, MR, and DS subtests of WAIS-IV). Moderate correlation was found between TAG-Game A and BD and TAGGame S . TAG-Game S and BD and TAG-Game M and DS were also correlated. Weak correlations were also found among the TAGGames, such that r ¼ 0.25 between TAG-Games A and TAG- Among the WAIS-IV subtests, a correlation (r ¼ 0.38) was found between BD and MR. Building on the results presented in this paper, extended human subject studies will be performed for further validation of the TAGGame measures. The future studies will consider (1) broadening of the ages of the participants, (2) randomizing participants if possible, and (3) randomizing the test order. There are also a few technical improvements to be made. Although the current GUI supports only 2-D assembly, modification to 3-D game expansion would broaden the scope of our research to cover various applications. In addition, the cover images on the blocks can be changed or the blocks may be equipped with liquid crystal display (LCD) or light emitting diode (LED) displays for generating diverse visual feedback (Lee & Jeong, 2014) . The three TAG-Games presented in this paper do not incorporate augmented visual graphics or animated features, which may be important for making these games more fun and engaging.
Once fully evaluated, the SIG-Blocks technology will have the potential to provide advanced instrumentation for various research, clinical, and educational applications. Such applications can be so diverse as to include clinical psychology, early-childhood education, and cognitive and motor skill assessments with automated, objective, cumulative and real-time data collection that enables remote and continuous assessments. Technology-based approaches, such as the presented work, can also address limitations in the traditional assessment methods by i) reducing cost by automating the process and thus avoiding clinician/administrator time, ii) improving the quantity and quality of the measurable data, iii) enabling objective assessment, iv) enabling wireless, remote administration for hard-to-reach areas, and v) providing a dynamic test, tailored for each individual or group to increase sensitivity in assays.
